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Fire-resistanceAbstract Geopolymer has been synthesized by the activation of blastfurnace steel slag (GGBFS)
using 6% (NaOH) or 3% NaOH+ 3% Na2SiO3. The geopolymer obtained in both cases exhibits
an amorphous homogeneous and tightly-packed structure as well as a high compressive strength
exceeding, that obtained by conventional mortar. In testing the response toward elevated temper-
atures it has been found that the geopolymer formed using 3% NH+% NS as activator reveals
high stability and fire resistance where it retains high strength values even upon exposure to tem-
peratures up to 500 C. The results clarify, also, that the geopolymer possesses stability and fire
resistance higher than those exerted by normal concrete. The current study indicated the feasibility
of the alkali – activated BFS geopolymer as a fire resistant coat substituting the reinforced concrete
coat to lightweight polystyrene panels used for walls, roofs and partitions in construction work.
Such introduced coat offers the following merits relative to the reinforced concrete coat: lower den-
sity, higher strength, higher fire-resistance, free of steel mesh reinforcement and reduced cost. The
results of the present investigation clarify that geopolymerization could be considered as a viable
technology for the conversion of industrial by-products having an aluminosilicate composition into
attractive construction materials.
 2016 Housing and Building National Research Center. Production and hosting by Elsevier B.V. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Intensive research work has been carried out in developing
alkali – activated binders (geopolymers) indicating that this
new binder could have an enormous potential to become an
alternative to Portland cement binders. Geopolymers are a
class of inorganic polymeric materials formed by the reaction
between an alkaline solution and an aluminosilicate source
at relatively low temperature (below 100 C) yielding an amor-
phous to semi-crystalline three dimensional polymeric struc-
ture consisting of Si–O–Al bonds [1,2].HBRC
2 N.T. Abdel-Ghani et al.Theoretically, any material composed of silica and alumina
could be alkali-activated. The investigations performed world-
wide have used the following materials as sources for the
needed silica and alumina, for example:
– Kaolinitic clays [3,4].
– Metakaolin [5,6].
– Fly ashes [7].
– Blastfurnace slag [8–11].
– Mixtures of fly ashes and slag [12].
– Mixtures of fly ashes and metakaolin [13],and
– Mixtures of slag and metakaolin [14–16].
Accordingly, alkali-activation (geopolymerization) could
be considered as an economically viable technology for the
transformation of industrial wastes and/or products of alumi-
nosilicate composition into attractive beneficial construction
materials. Several studies have been devoted to investigate
the durability of geopolymers and their response toward vari-
ous affecting environments [e.g. [17,18]]. The target of this
work was to investigate the formation of geopolymer by the
alkali-activation of BFS and the feasibility of the product as
a fire – resistant coating to some construction units.Experimental
Material
The industrial waste utilized as an aluminosilicate source is
BFS obtained during the manufacture of pig iron (Helwan ironTable 1 Chemical composition of the BFS, wt%.
SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O
35.95 10.01 1.48 33.07 6.43 3.52 0.74
Fig. 1 Variation of compressive strength with the progress of the
activator compared to the mortar at the ratios 1:2 and 1:3 cement:san
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follows:
– Sodium hydroxide, NaOH.
– Sodium silicate, Na2SiO39H2O.
– Mixes of both alkalies.
Table 1 presents the chemical composition of BFS (WCS).
Mixes preparation and curing
The slag used as silica and alumina source was prepared pass-
ing 90 lm sieve. The activator was added to the mixing water;
then, the solution was added to the fine slag in a rotary mixer
with 0.25 w/s, mixed for 3 min. The paste mixture was cast into
25  25  25 mm cubic-shaped molds, vibrated for com-
paction and sealed with a lid to minimize any loss of evap-
orable water. All mixes were left to cure undisturbed under
ambient temperature (23 C) for 24 h, demolded and left in a
fog room at 38 C and >90% humidity. The specimens were
taken from the fog room for further investigation.
Techniques and apparatus
The chemical analysis of the starting material was carried out
by the X-ray fluorescence technique (XRF) using Philips Spec-
trometer PW 1400 with Rubidium Rb-Ka radiation at 50 kV
and 50 mA. The crystalline phases were identified using
XRD diffraction technique.
The analysis was recorded on a Philips PW 1050/70 diffrac-
tometer using a Cu-Ka source. The compressive strengthNa2O TiO2 MnO2 P2O5 Cl
 BaO Total
1.39 0.52 3.44 0.10 0.05 3.0 99.69
curing time for (WCS) using 6% NH and 3% NH+ 3%NS as
d.
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Fig. 3 SEM examination of the geopolymer formed upon
activating (WCS) using 3% NH+ 3% NS.
Alkali-activation of blastfurnace steel slag 3measurements were carried out using five tons German Bru¨f
pressing machine with a loading rate of 100 kg/min. The
microstructure of the formed geopolymer has been identified
using a SEM with an energy dispersive X-ray analyzer
(SEM-EDAX). The setting times of the mixes have been mea-
sured using the Vicat instrument according to the Egyptian
Standard Specification (2421/1993) [19].
Results and discussion
Geopolymer formation and gained strength
The nature and dosage of activators play a crucial role in
determining the properties of the produced geopolymer. Many
researchers have noticed the selectivity of alkaline activators
i.e. the effect that an activator has on strength development
may be different for slags of different origins. The effect of
NaOH and Na2SiO3 the activation of GBFS for geopolymer
formation revealed that the activator dosage could be between
2–6%, wt [20,21].
The compressive strength measurements have been used by
many researchers as a tool to assess the success of geopolymer-
ization. In general, the higher the degree of geopolymerization
in the geopolymeric structures, the higher the compressive
strength [22]. Accordingly, the effect of sodium hydroxide
(NH) and the dual effect of sodium hydroxide (NH) + sodium
silicate (NS) as activators on the strength of the obtained
geopolymer have been investigated.
Fig. 1 illustrates of the strength values with the curing time
for the geopolymer formed upon using 6% sodium hydroxide
and 3% sodium hydroxide + 3% sodium silicate as activators.
The variation in the strength of mortar is included in this figure
for comparison.
It can be seen that, the geopolymer strength reached by
using either 6% NH or 3% NH+ 3% NS as activator (aboutFig. 2 XRD analysis for the geopolymer formed u
Please cite this article in press as: N.T. Abdel-Ghani et al., Geopolymer synthesis b
Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.06.001890 kg/cm2 after 90 days) is about double the strength
obtained for the Portland cement mortar even upon using a
mortar ratio of 1 cement:2 sand instead of the traditional ratio
1 cement: 3 sand.
Geopolymer structure
XRD analysis of the geopolymer upon using either 6% NH or
3% NH+ 3% NS cured at 38 C and >90% humidity and
curing for 28 days has a solid amorphous structure as shown
in Fig. 2. These results have been assured by the SEM inspec-
tion of the geopolymer. Fig. 3 reveals a structure composed of
tightly packed geopolymer granules in a homogenous
structure.pon activating (WCS) using 3% NH+ 3%NS.
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Table 2 Initial and final setting times for the geopolymer formed by the alkali activation of (WCS) relative to the setting times of
mortar.
No Mix Initial setting time Final setting time Water/solid ratio w/s
1 WCS, 6% NH 28 min 1 h, 3 min 0.23
2 WCS, 3% NH+ 3%NS 1 h, 39 min 2 h, 58 min 0.22
3 Mortar (1 Cement:3 Sand) 1 h, 34 min 3 h, 17 min 0.47
Fig. 4 Compressive strength upon gradual heat exposure (up to 1000 C) for the geopolymers formed by activating (WCS) using 6%
NH and 3% NH+ 3% NS, relative to the control concrete strength.
Fig. 5 Polystyrene panel coated with steel-wire mesh.
4 N.T. Abdel-Ghani et al.Room temperature setting time
Setting time measurement is of practical importance for such a
new binding material (geopolymer) since it defines the times
required for initial hardening and the time interval after which
we could deal with the formed product.
Table 2 gives the initial and final setting times for WCS
activated using 6% NH and upon using 3% NH+ 3% NS
in comparison with traditional mortar (1 cement:3 Sand). It
can be seen that, the presence of silicate (3% NS) in the acti-
vator acts as a plasticizer, thus yielding a relatively longer set-
ting times relative to those obtained for the silicate – free
activator (6% NH). Table 2 shows, also, that the final setting
of the geopolymer paste is shorter than the time elapsed till the
final setting of the traditional mortar.
Fire resistance
Geopolymers are generally believed to provide good fire resis-
tance due to their ceramic-like properties (amorphous struc-
ture). Previous experimental studies on geopolymer under
elevated temperatures have mainly focused on metakaolin-
based geopolymers [6,23]. In this study, the fire response of
the geopolymer formed by activating water-cooled slag byPlease cite this article in press as: N.T. Abdel-Ghani et al., Geopolymer synthesis b
Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.06.001either 6% NH or 3% NH+ 3%NS compared to concrete
samples [1 cement:2 sand:4 gravel aggregates, W/C = 0.45]
has been determined. The samples were exposed up to
1000 C to evaluate the strength loss due to thermal damage.
Fig. 4 presents the strengths relative to the control values
(before heat exposure) after 28 days. The results reveal the
high stability and fire resistance of the geopolymer formed
by activating the slag with 3%NH+ 3%NS. The geopolymery the alkali-activation of blastfurnace steel slag and its fire-resistance, HBRC
Fig. 6 A polystyrene strip coated with concrete reinforced with a
steel – wire mesh.
Fig. 7 A polystyrene unit coated with geopolymer (WCS, 3%
NH+ 3% NS) after heat exposure to temperatures reaching
500 C.
Alkali-activation of blastfurnace steel slag 5retains high strength values even upon exposure to tempera-
tures up to 500 C and then declines rapidly. It is worth to note
that, the compressive strength reached after exposure to the
high 800 C (370 kg/cm2) is close to the control concrete before
heat exposure (393 kg/cm2). On the other hand, the compres-
sive strength of the geopolymer obtained by using 6% NH
as activator decreases to about 48% after exposure to 300 C
and declines gradually up to 1000 C.
This test illustrates clearly the higher stability and fire resis-
tance of the geopolymer compared to the traditional concrete.
In this respect, the geopolymer formed using 3% NH+ 3%
NS as an activator behaves as a ceramic – like material in
confronting the effect of elevated temperatures. This property
may introduce this kind of geopolymer as an indispensable
material for utilization as a fire-resistant coating in construc-
tion field.Table 3 Chemical analysis of polystyrene, wt%.
Oxide P2O5 Al2O3 CaO Cl
 SiO2 SO3 Na2O M
% 52.56 15.40 7.56 6.78 6.57 5.06 3.26 1
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polystyrene construction panels
Nowadays, polystyrene material is used in construction indus-
try due to the advantages such as light weight (den-
sity = 1.4 gm/cm3), sound abatement and energy saving.
Polystyrene is widely used in manufacturing lightweight panels
for walls, roofs and partitions. The panels are coated with con-
crete reinforced with steel wire grids Figs. 5 and 6.
However, polystyrene has the disadvantage of incorporat-
ing in its composition some dangerous elements that could
yield toxic gases on accidental fire, thus hurting the inhabi-
tants, besides, polluting the environment. Table 3 shows the
chemical analysis of polystyrene where,
P2O5 ¼ 52:56%; Cl ¼ 6:78%; SO3 ¼ 5:06%
The current study indicated that the geopolymer formed by
activating BFS by 3% NH+ 3% NS is highly efficient in
withstanding elevated temperatures. Accordingly, it was tried
to make use of this property; therefore, a polystyrene unit
has been coated with a 5 mm thick geopolymer coat and aftergO SrO K2O Fe2O3 Ti‘O2 MoO2 ZnO Total
.09 0.72 0.55 0.26 0.05 0.04 0.01 99.91
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6 N.T. Abdel-Ghani et al.24 h the unit has been gradually subjected to increasing tem-
perature up to 500 C where it is kept for 30 min exposure.
Inspection of the unit declared that, the geopolymer coat sus-
tained efficiently such elevated temperature and no signs of
cracking appeared on the coat Fig. 7.
Accordingly, this study introduces such alkali-activated
steel slag geopolymer as a relevant substitute to the reinforced
concrete coat to the polystyrene panels in construction work as
it offers the following merits relative to reinforced concrete:
– Lower density = 1.5 gm/cm3 (concrete density P2 gm/
cm3).
– Higher strength.
– Higher durability.
– Higher fire-resistance.
– Free of steel mesh reinforcement that could corrode by time
yielding concrete cracking, and
– Reduced cost.
Conclusion
Based on the results of the present study, it may be concluded
that:
– GBF-based geopolymers could have a great potential for
engineering applications.
– WCS (BFS) activated by 3% sodium hydroxide + 3%
sodium silicate provides a faithful coat affording a high
degree of fire resistance for construction units such as the,
nowadays prevailing light weight polystyrene panels widely
used for walls, roofs and partitions. Such coat, preferably,
substitutes the traditionally used reinforced concrete coat.
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